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ABSTRACT 


Active stabilization logic is synthesized to hold a feed at the focus of a 
spacecraft antenna dish. The feed support structure is modeled as a tetrahedron made 
up of flexible bars and connected to the dish by six short legs containing force 
actuators. Using the symmetry of the structure, the model can be decomposed into 
four uncoupled subsystems: (1) pitch/forward motions with four degrees of freedom 

(DOF) and two controls, (2) roll/lateral motions with four DOF and two controls, 

(3) vertical motions with three DOF and one control, and (4) yaw motion with one DOF 
and one control. This greatly simplifies the synthesis of control logic. 


INTRODUCTION 

A spacecraft consists of a massive central body with a large antenna dish at one 
end; the feed for this antenna is mounted to the dish with a flexible support struc- 
ture consisting of twelve bar-like members. (See fig. 1.) Six of the bars form a 
regular tetrahedron, with the feed at the apex. Two legs connect each of the three 
joints at the base of the tetrahedron to the antenna-dish/ spacecraft , which we shall 
approximate as an inertial frame of reference due to its large mass. The mass of the 
structure will be lumped at the four joints of the tetrahedron, and the bars will be 
approximated as springs with axial deformation only. 

The design objective is to control the four lowest frequency vibration modes 
that involve lateral motions of the feed so that they are at least 10 percent 
critically damped. 


SEPARATION INTO SYMMETRIC AND ANTISYMMETRIC MOTIONS 
Motions symmetric with respect to y-z plane involve seven degrees of freedom: 

yi» X2 = -Xg, ^2 ~ ^3’ ^2 ~ ^3’ ^4’ ^4 

Motions antis 3 rmmetric with respect to y— z plane involve five degrees of freedom: 


xiy X2 = X3, y2 = -y 3 , Z 2 " ^ 3 » ^4 


Three of the symmetric modes involve only vertical (z]^) motions of the apex, and 
one antisymmetric mode is symmetric about the z axis (a yaw mode) , producing zero 
motion of the apex. The remaining eight modes consist of two sets of four modes that 
have identical frequencies, but one set involves symmetric motions and the other set 
involves antis 3 nmnetric motions. 

The actuator forces can be arranged into six sets, one of which controls only 
the yaw mode, another that controls only z^ motions, and two sets of two that con- 
trol the remaining symmetric and antisymmetric modes, respectively. Thus the sta- 
bilization problem may be reduced to two almost identical problems of controlling 
four modes with two controls. 
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EQUATIONS OF MOTION 


Let be displacement vector of 1th joint, be position vector from 

• 1 • • • 

ith joint to j th joint, and k 2 , k£ be equal to EA/mL'^ for base members, 

vertical members, and legs, respectively. Then 


ri k2mi^2“l,2" (^1 “ ^2^ “ *^ 2 ™l, 3 ”il, 3 ' (^1 ~ ^3^ “ ^2™1,4™1 ,4* (^1 “ ^^4) 




'2 - - ' 1 ’ - '‘ l ” 2 , 3 ” 2 , 3'<'2 ' ^ 3 > ‘ ‘' l " 2 . 4 ” 2 , 4‘ '^2 ‘ ^ 4 > 

" ^ 5 ,™ 2 , 5 ™ 2 , 5'^2 “ ^£™ 2 , 6 ® 2 , 6*’^2 + “ 2 , 5 ^ 2, 5 ™ 2 , 6 ^ 2,6 


- 4 - 


r3 - -k2mi^3mi^3- (^3 - r^) - ^ 1^2 , 3“2 , 3 ’ ^^3 “ ^2^ ~ ^1™3 , 4“3 , 4 " ^^3 " ^4^ 
- - ^^“ 3 , s“3 , 8 ’ ’^S ''' “ 3 , 7^3, 7 ■*■ “ 3 , 8^3, 8 


-y 


^4 - -^2“l,4™l,4-^’^4 “ - ^2,4^2,4’^^4 “ ^2^ “ V3,4™3,4'^^4 " ^3> 

- k£m4^gm4^9-r4 - k£m4^30m4^30-’^4 + “4,9^4, 9 + ”4,10^4,10 


For nominal configuration. 
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COMPUTER CODE "TETRA" 


Calculates 12x12 K matrix, where 



Calculates ?x7 Kg matrix and 5x5 matrix, where 





-Va 





Note actuator forces resolved into vertical 

and horizontal components (Vj^, %) at joints 

1 = 2,3,4, which makes the determination of 

G ,G. quite simple. 

A 



H 


3 
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REM TETRfl **** 1/19/32 

REM :+ FINDS STIFFNESS MRTRIX GIVEN 
•TniHT COCiRIUNRTES & MEMBER 
STIFFNESSES FOR TETRBHEHRON 
ON LEGS; THEN FINDS STIFFNESS 
MATRICES FOR SVMMETRIC & 

ANTI -S VMMETR I C MOT I ONS . 

H>*****+****+»****if************ 

DIMK<10/39,-M';:4.. 10,. 39 .. K< 12.- 129 ; FORI=1TO10 : F0RJ=1T03 : RERDK-; I .. -J9 :NEXTvT^ I 
READK 1 .. K2 .. KL : DEFFNR < S 9 = I NT Cl 0000+S+ . 5 9 / 1 0000 

FAR I = 1 T04 •• FORJ= 1 TO 1 0 •• F0RK= 1 T03 ^ M ( I .• J .■ K 9 =K < I .. K 9 -/ 0 J .. K 9 : NE/TK .. J . I 
FOR I = 1 T03 : F0RJ=4T06 = K < I .. J 9 =M < 1 .■ 2 .. I 9 #M < 1 .. 2 .. J-3 9 =f:K2 = NE/TJ I 
F0RI=1T03 : F0RJ=7T09 ^ K< I .. J9=H-; 1 .■ 3. 1 9*M< 1 . 3.. J-69.+K2 NE/TJ.. I 
FOR I = 1 T03 : FOR J= 1 0TO 1 2 : K < I .■ J 9 =M C 1 .. 4 .• 1 9 ^M 1 .. 4 , J-9 9 *K2 = NE/T J .• I 
F0RI=4T06 : F0RJ=7T09 : K(. I J9=Mc:25 3.. I-39ifM02.. 3.. J-69*K1 ^ NE/TJ.. I 
FOR I =4T06 ; FORJ= 1 0TO 1 2 : K 1 1 .. J 9 =M c; 2 , 4 .■ I -3 9 »:M 25 4 . J-9 9 1 •• NEXT J .. I 

FOR I =7T09 : FOR J= 1 0TO 1 2 : K < I .. J 9 =M C 3 .. 4 .■ I -6 9 =f:M < 3 .. 4 . J-9 9 *K 1 •• NEXT J .. I 
FOR I = 1 T03 : FOR J=4T0 1 2 K < J . I 9 =K < I J 9 : NEXT J .■ I 
F0RI=4T06:F0RJ=7T012:K<J. I9=K<I. J9 :NEXTJ. I 
FURI=7TO9:FORJ=10TO12;K<J. I9=Ka. J9 :NEXTJ.. I 

FOR 1 = 1103: FOP J= 1 T03 :Kcl.J9=-Ka. J+3 9 -K < I .■ J+6 9 -K i; I .. J+9 9 : NEXT J .. I 
F0RI=4T06 : F0RJ=4T06 : K<I .. J9=-K< I . J-39-K< I . J+39-K< I J+69 : NEXTJ.. I 
F0 iRI= 4TO6 : F0RJ=4T06 : K0I .. J9=K-:; I . J9-M02. 5. I-39*M';2.. 5.. J-39#KL : HEX I J,. I 
F0RI=4T06 : F0RJ=4T06 : K( I . J9=K< I . J9-M<2. 6.. I-39*M<2.. 6.- J-39^KL : NEXTJ.. I 
FuRI=7T09 : F0R.T=7T09 : KCI . J9=-Ka . J-69-K0 I . J-39-K< I J+3 9 : NEXTJ.. I 
FOR I =7T09 : FOR J=7T09 : K a .. J 9 =K a .. J 9 -M iC 3 .. 7 .. I -6 9 *M 0 3 .. 7 ■ J-6 9 *KL : NEXT J .. I 
FOR I =7T09 : FOR J=7T09 : K 0 1 .. J 9 =K < I ,. J 9 -M <3 .. 8 .■ I -6 9 *M < 3 ,. 9 .. J-6 9 if KL : NEXTJ .. I 
FORI = 10TO12:FORJ=10TO12:K<;i .. J9=-Ka. J-99-Ka. J-69-Ka.. J-39 : NEXTJ,. I 
FORI = 10TO12:FORJ=10TO12:K<I. J9=K<I.. J9-M<4.9.. I-99*M';4. 9.. J-99ifKL : NEXTJ.. I 
FORI = 10TO12:FORJ=lGTO12:K(:i.. J9=K0I.. J9-Mt:4. 10. I-99ifi'K4.. 10.. J-99?fiKL : NEXTJ . I 
PRINTTRBa09; ''STIFFNESS/MRSS MATRIX.. UPPER LEFT QUADRANT" 

FOR I = 1 T06 : PR I NTTAB U 0 9 ; : FOR J= 1 T06 : PR I NTFNR < K (I .. J 9 9 : NEXTJ : PR I NT : NEXT I 
PRINTTAE-:; 109 ; "UPPER RIGHT QUADRANT" : FuRI = l T06 : PRINTTABC 109 .: : F0RJ=7T012 
PR I NTFNR (KC I .. J9 9 ; : NEXTJ : PRINT : NEXTI 
PR I NTT AE < 1 0 9 .: " LONER R I GHT QUADRANT " 

FORI =7T0 1 2 : PR I NTTAB a 0 9 ; : FOR J=7T0 1 2 : PR I NTFNR < K I .. J 9 9 ; : NEXTJ : PR I NT : NEXT I 
REM m* CALCULATES ANT I-SVMMETRIC.. SVMMETRIC STIFFNESS MATRICES: 

DIMT.;i2,. 129.. TK12.. 12 9 . L012.. 129.. LK12.. 129 :C=.5:T<1.. 19 = 1 :Tc:2.. 69==1 
T(3.. 79 = 1 :T';4..29 = 1 : T'; 4.. 89 = 1 : TC5.. 39=1 : T<5. 99 = 1 : Tt;6.. 4 9 = 1 : T(6.. 109 = 1 :T(7..29 = 1 
T'::7..S9=-1 :T';:S..99 = 1 :T(;S..39=-1 :T<9. 109 = 1 :T<9.49=-1 :T<10.-59 = 1 :Tai..ll9 = l 
TCI 2.. 129 = 1 :TIC1.. 19 = 1 : TI C2.. 49=C : TI C2. 79=C : TI C3.. 59 = 

TIC4..99=-C:TIC5.. 109 = 1 : TI (6.. 29=1 : TI <7.. 39=1 : TICS.. 49 
TIC9..S9=C:TIC10.. 69=C:TIC10. 99=C:TIC11.. 119 = 1 : TIC 12 
F0RI=1T012:F0RJ=1T012:F0RK=1T012:L1CI. J9=L1CI. J9+KCI. 

F0RI = 1T012:F0RJ=1T012:F0RK=1T012:LCI.. J9=LCI,. J9+TIC1 
PRINTTABC109; "ANT I-SVMMETRIC STIFFNESS/MASS MATRIX: 

FOR I = 1 T05 : PR I NTTAB C 1 0 9 ; : FOR J= 1 T05 : PR I NTFNR C L C I .. J 9 9 9 
PRINTTABC109; "CROSS-COUPLING MATRIX: " 

FOR I = 1 T05 : PR I NTTAB C 1 0 9 ; : FOR J=6T0 1 2 : PR I NTFNR C L Cl .. J 9 ; 

PR I NTTAB C 1 0 9 ; " SVMMETR I C ST I FFNESS/MASS MATR IX:" 

FOR I =6T0 1 2 : PR I NTTAB C 1 0 9 ; : FOR J=6T0 1 2 : PR I NTFNR C L C I .. J J 
PRINTTAE Cl 09; "CROSS-COUPLING MATRIX: " 


TIC3..S9=-C: 

TIC4,.69=C 

:TI C8.. 79=-C 

:TIC9..59=C 

29 = 1 

I..K9ifTCK. J9 

:NEXTK. J.. I 

..K9*L1CK.. J9 

:NEXTK.. J. I 


: NEXTJ: PRINT: NEXTI 
; : NEXTJ: PRINT: NEXTI 
9; : NEXTJ: PR I NT: NEXT I 


F OR I =t.T 0 1 2 : PR I N I I AB < 
REM ENTER X..V..Z 


1U,9.: :F0RJ=1T0.5 
COORDINATES OF 


PRINTFNRCLCI.. 
JOINTS 1 THRL 


.T 9 .: 
I 10: 


NEXTJ: PRINT: NEXTI 
fifif 

DAT A '0 .. 01 .. 1 01 . 1 65 .. -5 .. -2 . 887 . 2 .. 5 .. -2 . 887 .■ 2 .■ Ft .• 5i . 77i35.. 2 .■ -6 - 1 . 1 547 .. 0 
DATA —4.. —4. 61t:s.. 01.. 4.. —4, 61SS.. ti.. 6.. — 1 . 1547.. ti.. 2 ■ 5. 77i3-5.. 0. —2.. 5. f 
REM m* ENTER STIFFNESS/MASS FOR HEAVV MEMBERS.. LIGHT MEMBERS.- 
DhTA . 5 . 05 .. 2 . 2097 


ND 


> 01 


LEGS: *** 
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PRINT-OUT FROM "TETRA" 


STIFFNESS/MRSS MflTRI>^.. UPPER LEFT QUFiDRfiNT 
-2.5 0 0 1.25 .?218 2.0413 

0 -2.5001 -2E-04 .7218 .4167 1-1786 

0 -2E-04 -10.0001 2.0413 1.1786 3.3334 

1.25 .7218 2.0413 -68. 1634 -14.7184 -2.8413 

.7218 .4167 1.1786 -14.7184 -51.1771 -1.1764 

2 . 04 13 1.1 786 3 . 3334 -2 .0413 -1.1 764 -2 1.011 
UPPER RIGHT QUflliRflNT 
1.25 -.7218 -2.0413 0 8 8 

— . 7ii' 1 y . 4 1 6 f’ 1 . 1 1 ’' y t' y l . 6t>6 1 ’ — i^.' . y 5 r 
-2.0413 1,1786 8.3!33i4 U -2.357 3.3334 

50 0 0 12.5 21.6513 0 

0 0 0 21.6513 37.5021 8 


0 0 0 0 0 0 

LOWER RIGHT QUflDRHNT 

-68.1694 14.7184 2,0413 12.5 -21.6513 0 

14.7184 -51.1771 -1.1764 -21.6513 37.5021 0 

2. 0413 -1.1 764 -21 . ©1 1 6 0 8 

12.5 -21.6513 0 -42.6776 0 0 

-21.6513 37.5021 8 0 -76.6709 2.357 

0 0 0 0 2.357 -21.011 


hNTI-SVMMETRIC STIFFNESS/MflSS MATRIX ■■ 

-2.5 2.5 1.4435 4.0825 8 

1.25 -18.1694 -14.7184 -2.8413 12.5 

.7218 -14.7184 -51.1771 -1.1764 21.6513 


2. 041 

3 -2.0418 

— 1 . 1764 

-21,011 0 

0 25 

43. 3025 

0 -42.6 

776 

CROSS- 

COUPLING 

MATRIX: 


0 0 

0 0 0 

0 0 


0 0 

0 0 0 

0 0 


0 0 

0 0 0 

0 0 


0 0 

0 0 0 

0 0 


0 0 

0 0 0 

0 0 


S VMMETR I C ST I FFHESS/MHSS 

MATRIX: 

-2.5001 -2E-04 

1 . 4435 

.8335 2.3572 

-2E-04 

-10.0001 

4.0825 

2.3572 6.66 

.7218 

2.0413 

-US. 1694 

-14.7184 -2, 

. 4167 

1 . 1 786 

-14.7184 

-51.1771 -1.1 

1.178 

6 3.3334 

-2.0413 

-1.1764 -21.0 

1 . 666 

■7 _*“!» •”icr“7 

J w m } 

43.3025 

75.0043 0 - 

i. ■ r 

3.3334 

0 0 0 

2 . 35 1"' 2 1 ■ 0 1 

CROSS- 1 

SOUPLING 

MATRIX: 


0 0 

0 0 0 



0 0 

0 0 8 



0 0 

0 0 0 



0 0 

0 0 0 



0 0 

0 0 0 



0 0 

0 0 0 



0 0 

0 0 0 




.'t 


L » I*' 

-2.357 
.3 21.1 

1 37.50 

0 0 
6709 


>'57 


■ 

13 

21 


3334 

0 

0 
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EQUATIONS OF MOTION IN MODAL FORM 


Using computer code "MODALSYS", the symmetric and antisymmetric equations 
of motion were put into modal form. Sketches of these mode shapes are given in 
figures 2 through 4. Only four modes Involve fore-aft (y^) motions of the apex 
(fig. 2). Another four modes involve only lateral (x-j^) motions of the apex (fig. 3). 
Another three modes involve only vertical (zj^) motions of the apex (fig. 4). One 
mode Involves no motion of the apex (fig. 5). 


SEPARATION INTO FOUR SUBSYSTEMS 

Only two linear combinations of actuator forces enter into the yj^ apex motions. 
(See first example of modal controllability matrix.) We shall call them 

f^^^. Two different linear combinations of actuator forces enter into the Xj^ apex 

motions. (See second example of modal controllability matrix.) They will be referred 

to as f and f^, . One different linear combination of actuator forces enters 

roll flat 

into the Zi apex motions. It is called f . One different linear combination of 
i vert 

actuator forces involves no apex motion, and is called f . The equations of motion 

yaw 

for these four subsystems are given elsewhere in this paper. 


ANALYSIS OF TETRAHEDRON WITH CONSTRAINED MOTION 
Synnnetrlc Tetrahedron 


Constraints 


^1 = X4 = 0, x^ = -x^, Y3 = Y2’ ^3 


= z. 


S = -^2’ ^3 = ^2’ ^4 = ° 


System equations 

X = (Yj^, X 2 , y2> ^2’ ^4’ 


u = (H^, V 2 , v^) 


y = (y^, y2> 


X = Fx + Gu + G.v 
A 


y = Hx 


where 


45 


Units rii .-sec 


Iiy naifi i a 

=: Matrix 

F.- is: 

- 2 , 500 

- . 000 

+ 1.443 + .833 

- . 000 

-10. 600 

+ 4.032 + 2.357 

+ .721 

+ 2.041 

— —14.718 

+ .416 

+ 1.178 

-14.718 -51.177 

+ 1.17S 

^ •»* ••****•«* 

- 2.041 - 1.176 

+ 1 , fci66 

— •*:» 

•mm a •..< •W.^ 1 

+43.302 +75.004 

_ ~f 

C. . 1 

, 0 000 

+ .000 + .000 

Contro 1 

Distribution Matrix.- G.- 

+ . 000 

+ . 000 

+ . 000 

+ . 000 

+ . 000 

+ . 000 

. 500 

+ . 000 

+ . 000 

+ . y66 

+ . 000 

+ . 000 

+ . 000 

+ 1.000 

+ . 000 

+ . 000 

+ . 000 

+ . 000 

+ . 000 

+ . 000 

+ 1.000 

Ft't'dba.cl' 

Gain Matrix C.- is = 

+ . 000 

+ . 000 

+ . 000 + . 000 

+ . 000 

+ . 000 

+ .000 + .000 

+ . 000 

+ . 000 

+ .000 + .000 

OutK-ut Distf-ibui 

:ion Matrix.- H.- ; 

+ 1 . 000 

+ . 000 

+ . 000 + . 000 

+ . 008 

+ 1.000 

+ . 000 + . 000 

Distunbarice Distribution Matrix 

+ 1.000 

+ . 000 


+ . 000 

+ 1.000 


+ . 0100 

+ . 000 


+ . £100 

+ . 000 


+ . 000 

+ . 000 


+ . 000 

+ . 000 


+ . 000 

+ . 000 



+ 

w • I 

+ 1 . 666 


+ 

6. 666 

- 2.357 

+ 3.333 

- 

2.841 

+21.651 

+ . 000 (-118 . 1694) 

- 

1.176 

+37.502 

+ . 000 

1 

21.011 

+ . 000 

+ . 000 

+ 

. 000 

—76. 670 

+ 2.357 

+ 

. 000 

+ 2.357 

-21.011 


is : 


+ 

. 000 

+ 

. 000 

..L 

. 000 

+ 

. 000 

+ 

. 000 

+ 

. 000 

+ 

. 000 

.1. 

. 000 

+ 

. 000 

+ 

. 000 

+ 

. 000 

+ 

. 000 

+ 

. 000 

+ 

. 000 

+ 

. 000 

Gfl. 

is : 






Modal Analysis 


Ei'S'enM-alu&s sr-e- 


Rf *5. 1 


I mas i nary 

Mode 

i. m Cm 

+ 

. 0000 

12 

5.5752 

+ 

. 0000 

10 

3.3724 

+ 

. 0000 

9 

1 . 7350 

+ 

. 0000 

7 

8.7456 

+ 

. 0000 

4 

7. 4730 

+ 

. 0000 

3 

1 . 8009 

+ 

. 0000 

1 


yi 

Ei ssnuai 

+ . 0000 

::to 

r- Matr 
. 0317 

■•ix.- T.- i 

+ . 0000 

+ 

. 1979 


. 2629 - . 0000 

+ 1 

. 0000 

^1 

+ .0512 

- 

. 0000 

- .7307 

- 

. 0001 

- 

. 0003 + 1 . 0000 

- 

. 0000 

X2 

- ,8659 

+ 

. 9673 

- .0275 

+ 

. 0057 

+ 

.0832' + .01 07 

+ 

.0165 

y2 

- .5000 

- 

, 6753 

- .0160 

- 

. 1190 

+ 

• 8557 + . 0064 

+ 

. 0997 

^2 

- .0193 

+ 

.01 £'8 

+ . 9994 

- 

. 4997 

- 

.1214 + .2440 

+ 

.0534 

^4 

+1 . 0000 

+ 1 

. 0000 

+ .0316 

- 

. 1090 

+1 

.0000 - .0120 

+ 

. 1283 

Z4 

- .0193 

- 

. 0376 

+ 1 . 0000 

+ 1 

. 0000 

+ 

.2424 + .2441 

— 

. 1 069 


“12 

“10 

ing 

“7 

IQ4 

“1 
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Invef'se 

Oi' 

"the E i • 3 eri*..-‘ec'tor M- 3 ."fcr-: 

Lx is: 




+ . 0000 

+ 

.0170 - 

. I- ot' 

-• . 3329 

- .0128 

4 . 

- 

. 01064 

- .0083 

+ 

. 00001 + 

. 51019 

■" . :3566 

+ . 010199 

■+■ • 2fc*4y 

- 

. 01099 

- . 0000 

- 

a 2016 f' ~ 

. 01.55 

- . 0090 

+ . 5656 

+ . 0083 

+ 

a 2826' 

+ .1253 

+ 

. 010100 + 

. 010172 

- . 1507 

— . 62214 

- . 016901 

+ 

.6331 

- .0597 

- 

.000-3 + 

.0631 

+ .6493 

- .0921 

+ > •_> 1 :?-z< 

+ 

.0920 

- . 0000 

+ 

. 84801 + 

. 0182 

+ .0109 

+ .4138 

- .0102 

+ 

.2070 

+ .3486 

— 

.0000 + 

.0313 

+ . 1892 

+ .1014 

+ .1218 

— 

. 1014 

The Mod. 

al 

Iiyn-sJTi i cs 

M-atri 

;x Fq , Iru 

.•(T)5^F^T.. 

is : ' 




+ 

. 00001 + 

. 0000 

+ .01000 

+ . 01005 

+ . 00001 

+ 

. 010001 

+ . 0000 

-:4 

- 

. 0010101 

- . 00001 

+ . 00101.5 

+ . 0000 

+ 

. 0101001 

+ . 0000 

+ 

. 0000 

. mm 

- . 0i0i0i;3 

+ .01010101 

- .0002 

+ 

. 000101 

+ . 0000 

+ 

. 001001 + 

. 0003 

m. mm- 

+ . 0002 

+ . 0000 

- 

. 0101001 

+ . 0000 

+ 

. 0000 + 

. 0000 

+ . 0010101 

-8. 7466 

+ .0000 

+ 

. 0101010 

+ . 0000 

+ 

. 0000 - 

. 010102 

- .01002 

- . 6008 

-7.4721 

+ 

. 000101 

+ . 0000 

+ 

,00001 - 

. 0000 

- . 010001 

- . 01002 

+ . 0000 

-1 

. 801019 

The Mod. 

al 

Corrtro 1 1 

,-ahi lity M-atri: 

X G , Ino< 

is 



- . 00001 

- 

.0128 - 

. 00164 


q 




- .5643 

+ 

.0099 - 

. 0099 






- . fiMfifi 

+ 

. -5656 + 

. 2826 






- .1341 

- 

.6334 + 

.6331 






+ .53y? 

- 

.0921 + 

. 09201 






+ . 0004 

+ 

.4138 + 

.2070 






+ . 1 482 

+ 

. 1014 - 

. 1914 






The Mod- 

al 

Obsepo-yh 

i lity 

Ma.tr ix 

H„, H-tT.. 

is : 



+ . 01000 

- 

.0317 + 

. 010001 

+ ,1979 

- .2629 

- . 00001 

+ 1 

. 00100 

+ .0512 

- 

. 00001 - 

. 7307 

- . 00011 

- . 0008 

+ 1 . 00100 

- 

. 0101001 

The Mod- 

al 

Disturb a 

hi lity M-at;rix 

G. , Inv<T>5|t':!Gfl> . 

• i 

5 : 

+ . 0010101 

+ 

. 0170 



Aq 




- . 0083 

+ 

, 0000 







- . 00R0 

- 

. 20167 







+ . 1253 

+ 

. 0000 







- . 0997 

- 

, 00103 







- . 0900 

+ 

. 8480 







+ .9486 

- 

, 010100 








Constraints 


^3 = ^ 2 ’ ^3 


Antisymmetric Tetrahedron 


= -y2» Z3 = -^ 2 ’ ^1 ” O’ yi = 0, - 0, = 0, 


(- 151 . 8 ) 

(- 85 . 57 ) 

(- 23 . 37 ) 

(- 21 . 73 ) 


^0 ^9 ’ y 9 


■V2, = 0 


System equations 

X = (x^, X 2 , y2> Z 2 ’ ^4^ 


u = V2, h^) 
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Modal amplitudes 


^^12’ ^10’ ^^9 ’ 

q=Fq+Gu+G. V 
q Aq 

y = H q 

^ q 


where 


Un i ±s rn .. sec 
Ifynajiiics r'1a"trix F.* is-' 


- 

. Pi00 

+ 2 . 500 

+ 1.443 + 4. 

082 

+ 

. 000 

+ 

1.250 

-IS. 169 

-14.718 - 2. 

041 

+ 12 

. 500 

+ 

.721 

-14.718 

-51.177 - 1. 

176 

+21 

.651 

•f 

2.041 

- 2.041 

- 1. 176 -21. 

011 

+ 

. 000 

+ 

. 000 

-4-25. 000 

+43.302 + . 

000 

-42 

. t> f' f’ 

Co 

ntro 1 

D i sir i.bu't i on Matr i x .. 

l_i.i 

is : 


+ 

. 000 

+ . 000 

+ . 000 




- 

. 500 

+ . 000 

+ . £100 




+ 

. 866 

+ . 000 

+ . 000 




+ 

. 000 

+ 1 . 000 

+ . 000 




+ 

. 000 

+ . 000 

+ 1 . 000 




Fe 


; Gain M 

atr-ix C3 is^ 




+ 

. 000 

+ . 000 

+ . 000 + 

000 

+ 

. 000 

J. 

. 0>00 

+ . 000 

+ . 000 + 

000 

+ 

. 000 

+ 

. 300 

+ . 000 

+ .000 + 

000 

+ 

. 000 

Ou 

■fcK'Ut Iiistribution Matrix^ 

H.. i 

2 : 


■+ 

1. 000 

. 000 

+ . 000 + 

000 

+ 

. 030 

Hi 

sturb-a^'ice Dis' 

tr i but i on M atr i x 

GR.> 

is • 


-f- 1 . 0y0 
+ . 000 
+ . 000 
+ , 000 
+ . 000 


^1 

X2 

yi 

Z2 

24 


Hi yer'i'v'e. iL-ies aj-’-e * 

Real I rri-s.ii i nai’“y Mode no. 

- S5.5753 + .0000 11 

- 21,7350 + .0000 8 

- 17.6775 + .0000 6 

- S. 7462 + . 0000 5 

1 . 3009 + . 0000 2 


ienoec 

;tor Matr i x 

.• T.' is- 



0256 

- . 2286 - 

.0001 - .2761 

+1 

. 0000 

3579 

+ . 1300 - 

.4998 +1.0000 

-+ 

.1188 

7840 

- .0068 + 

. 8659 + . 0874 

+ 

.0165 

0264 

+ 1 . 0000 + 

.0004 - .2207 

+ 

. 0926 

0000 

+ . 1409 +1 

. 0000 + . 8483 

+ 

.0901 

ers-e 

o-f' the E i -iienyector- Matri 


is : 

0103 

a 1 1 

.6303 - .0212 

+ 

.4019 

1 f' 11 -i'S 

+ . 1234 - 

■ y065 ■ y4yt* 

+ 

. 0669 


mil 

™8 

“6 

ms 
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- . 0000 - 

. 3333 + 

.5774 

+ 

. 010102 

+ .3334 

- . 01949 + 

.6375 + 

. 0601 

- 

.1518 

+ .2916 

+ .9437 + 

.2254 + 

. 0313 

+ 

. 1757 

+ m yy55 

The Moda 1 

Dy n-a/ii i os 

: Matr 

1 .* 

IriM< 

T>.^W.. is: 

+ 

. 0000 + 

. 0010101 

+ 

. 00010 

+ .0010101 (-85.58) 

+ . 0000 -ii 

+ 

. 0000 

+ 

. 01000 

+ .001001 (-21.73) 

+ . 000101 + 

.0000 -=t 

i. 

+ 

. 00001 

+ .0000 (-17.68) 

+ .00010 + 

. 00001 + 

. 0000 

“~C 

■ . ^‘4^:•liI 

+ . 01000 

+ , 0100101 + 

.000101 + 

. 0100101 

+ 

. 00001 

-1.3009 

The Modal 

Contro 1 l-alDi lity 

Matri; 

In'...'<T>5t?Gj- is: 

- .4020 - 

.0212 + 

.4019 




- .0673 + 

.9496 + 

. 0669 




+ ■ 6667 + 

.00102 + 

. 3334 




- .2917 - 

. 1513 + 

.2916 




~ . 01055 + 

.1757 + 

. 0855 




The Modal 

ObserM-ab i lity 

Matrix^ 

H*T.. is: 

+ . 02.56 - 

.2236 - 

.0001 

- 

. 2 1*' 6 1 

+ 1 . 01000 


The Modal Iiistur-bahi li-fcy Matrix Inv< i >*CGfl>.. is^ 
+ .0103 
■ l0y5 


- . 0000 

- .0949 
+ . 94y7 

Residues.: fl 1 1 Outh:>u-ts.. Ctrl 1.. Then Ctrl 2.. 

- .0103 + .0154 - .0000 + .0305 - .0355 

- .0005 - .2171 + .0000 + .0419 + .1757 

+ .0103 - .0153 - .0000 - ,0305 + .0355 

Residues.. H 1 1 Outputs.- Dist. 1.. Then Dist. 
+ . 0002 + . 0243 + . 0000 + . 0262 + . 9437 


etc . 

2.. etc. 


PITCH/FORWARD TRANSLATION SUBSYSTEM 

= -(1.342)^m^ + 0.1907fp 

= -(2.957)^m^ + 0.6652fp 

ii, = -(4.662)^m, - 0.9848f + 0.7914f^ 

1 ' 1 p F 

m,- = -(9.251)V_ - 0.1320f - 0.5788f_ 

J.U XU p i? 

where 


^1 


~1 

-0.2629 

0.1979 

-0.0317* 


“l 

^1 


0 

0 

0 

0 


“4 

^2 


0.0165 

0.0832 

0.0057 

0.9673 


m? 

^2 

= 

0.0997 

0.8557 

-0.1190 

-0.6753 


”10 

^2 


0.0534 

-0.1214 

-0.5000 

0.0188 



^4 


0.1283 

1 

-0.1090 

1 


^4 


-0.1069 

0.02424 

1 

-0.0376 
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Hg = -Hz 


H 


~ 0.02602 1 


*f ' 

z 




P 

^2 

= 

0.5000 -0.4872 


_ 



-1 0.9744 





ROLL /LATERAL TRANSLATION SUBSYSTEM 

1^2 = -(1.342)^m2 0-2202f^ 

= -(2.957)^m^ + 0.5482f^ 

in- = -(4.662)^m„ + 0.9845£ - 0.5925f 

o o K L 

in^j^ = -(9.251)^ni^^ + 0.1880fj^ + 0.6184f^ 

where 




"l 

-0.2761 

-0.2286 

0.0256“ 


"“ 2 " 

^2 


0.1188 

1 

0.1300 

-0.3579 


“5 

^2 

= 

0.0165 

0.0874 

-0.0068 

-0.7840 


“8 

^2 


0.0926 

-0.2207 

1 

-0.0264 



^4 


0.0901 

0.8483 

0.1409 

1 





— 







and 




-0.1735 -0.5000~ 


'^r‘ 

=Hz 

V- 


1 -0.7299 



< 

II 

2 




L 

3 z 

A 


0.3470 1 


0 

II 

> 


VERTICAL SUBSYSTEM 

in^ “ -(2.734)^ni2 + 0.6208f^ 
fig = -(4,835)^mg + 0.8476f^ 

= -a2.322)^mj^2 + 0.0192f^ 


where 



yi" 


“o 

0 

0 

^1 


1 

-0.7307 

0.0512 

^2 


0.0107 

-0.0275 

-0.8659 

^2 

= 

0.0064 

-0.0160 

-0.5000 

^2 


0.2440 

0.9994 

-0.0193 

^4 


-0.0120 

0.0316 

1 



0.2440 

1 

-0.0193 


and 




1 

2 



''3 

= 

1 



1 








m. 


12 


m, = -(4.204) ra, + l.OOOf, 


YAW SUBSYSTEM 


where 




~ 0 

^2 


-0.5000 

^2 

= 

0,8660 

"2 


0 



1.000 


and 




1 

2 



«3 

= 

1 

"1 


1 





= 0 
= 0 
= 0 


X 


3 


-X 


2 


^3 = ^2 


z 


3 


z 


2 


Figure 6 shows the combinations of controls that control only modes 1 and 4 
(and also modes 7 and 10) . Figure 7 shows the combinations of controls that con- 
trol modes 2 and 5 (and also 8 and 11) . Figure 8 shows the combinations of con- 
trols that control the vertical and yaw modes. 
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Top view 


Figure 1.— Antenna feed tower 














Figure 5.- Antisymmetric mode involving no motion of apex. 






(b) Mode (forward translation) controls (fp) • 
Figure 6.- Pitch and forward translation controls. 
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Rear view 


Top view 


(a) Mode ra^ (roll) controls (f ) . 

^ Jtt 



Rear view Top view 


(b) Mode m,- (lateral translation) controls (f ) . 

J-» 


Figure 7.- Roll and lateral translation controls. 




Side view 


Rear view 


(a) Vertical modes control (f^) . 



Side view Rear view 


(b) Yaw mode controls (f ) . 


Figure 8.- Vertical and yaw controls. 



